ABSTRACT
INTRODUCTION
repressor of STAT1 (18) . PIAS family proteins also function as a transcriptional cofactor for nuclear receptors (20, 21, 22) . Recently, PIAS family proteins have been proposed to function as a small ubiquitin-related modifier (SUMO)-E3 ligase (23). PIAS1 and PIASy were shown to catalyze sumoylation of p53, LEF-1 and Tcf-4, respectively (24, 25, 26, 27).
PIAS family proteins have the RING domain, and their SUMO-E3 ligase activities are dependent on this domain (23) . PIASy was demonstrated to interact with Smad3 and antagonizes Smad3-dependent transcriptional activation (16, 28) . We also showed that expression of PIASy is induced by TGF-b (16) .
In this study, we demonstrate a novel molecular mechanism for the inhibitory actions of PIASy on BMP-2 function: there are direct physical and functional interactions between BMP-regulated Smads and PIASy. We also demonstrate that the RING domain of PIASy plays an important role in PIASy-mediated suppression of Smad activity and the sequestration of Smad in nuclear bodies. These findings provide new insights into the regulation of BMP-2 -signaling pathway that may have implications in reproductive physiology and the process of oncogenesis.
to the manufacturer's instructions. Luciferase activities were normalized to the bgalactosidase activities. Three or more independent experiments were carried out for each assay.
Immunoprecipitation and immunoblotting
The immunoprecipitation and Western blotting assays were performed as described previously (33) . Cells were harvested and lysed in lysis buffer (50 mM Tris-HCl, pH 7.4, 0.15 M NaCl, containing 1% NP-40, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride and 10 mg/ml each of aprotinin, pepstatin and leupeptin). The immunoprecipitates from cell lysates were resolved on 5-20% SDS-PAGE and transferred to Immobilon filter (Millipore; Bedford, MA). The filters were then immunoblotted with each antibody.
Immunoreactive proteins were visualized using an enhanced chemiluminescence detection system (Amersham Pharmacia Biotech).
Northern blot and RT-PCR analysis
After 12 h of incubation in 1% FCS, Hep3B cells were treated with BMP-2 (50 ng/ml) for the indicated time. Total RNAs were prepared by using Iso-Gen (Nippon Gene, Tokyo, Japan) and used in Northern blot analysis according to the established procedures (34) . A nylon membrane (Hybond N + , Amersham Pharmacia Biotech) and radiolabelled cDNA probes were used, where indicated. RT-PCR was performed using RT-PCR high -Plus-Kit (TOYOBO, Tokyo, Japan). Human Id1 and G3PDH primers were used as described previously (35, 36) .
RESULTS AND DISCUSSION
PIASy expression is induced by BMP-2 and suppresses BMP-2-mediated transcription in Hep3B cells.
In our previous report, we demonstrated that TGF-b-induced PIASy suppressed TGF-bstimulated gene expression in a human hepatoma cell line, Hep3B cells (16) . We then examined whether PIASy expression is also regulated by BMP-2 in Hep3B cells. Hep3B cells were either left untreated or treated with BMP-2, and PIASy expression was monitored by Northern blot analysis. As shown in Fig. 1A , about 3-fold induction of PIASy expression was observed by treatment with BMP-2 in Hep3B cells. The level of PIASy mRNA expression increased about 3-fold at 6 h, and did not alter until 24 h. We also examined BMP-2-induced Id1 expression through Smads (13, 14, 15) . Id proteins interact with a variety of basic helixloop-helix (bHLH) and non-bHLH transcription factors that contribute to normal growth regulation. Therefore, dysregulated Id expression may contribute to oncogenesis (37, 38, 39) 
Physical interactions between PIASy and BMP-regulated Smads in vivo.
One of the possible mechanisms that would be consistent with the data described above suggest that the RING mutation has no effect on the interaction between PIASy and Smad1.
We next examined the effect of PIASy 
Concluding remarks
Recent studies have documented the interaction of a large number of intracellular proteins with the effector molecules Smads to influence BMP signaling (43, 44) . Whereas some of these proteins have been found to functionally cooperate together and activate Smads, others were found to repress Smad activity. Several molecular mechanisms have been proposed for the inactivation of BMP/Smads signaling pathway. In this study, we showed that BMP-2 induced PIASy expression suppressed BMP-2-mediated Smad activation in hepatoma cells.
We also demonstrated that a PIAS family protein, PIASy interacted with BMP-regulated 
